MicroRNAs (miRNAs) constitute a robust regulatory network with post-transcriptional regulatory efficiency for almost one half of human coding genes, including oncogenes and tumour suppressors. We determined the expression profile of 667 miRNAs in colorectal cancer (CRC) tissues and paired non-tumoural tissues and identified 42 differentially expressed miRNAs. We chose miR-215, miR-375, miR-378, miR-422a and miR135b for further validation on an independent cohort of 125 clinically characterized CRC patients and for in vitro analyses. MiR-215, miR-375, miR-378 and miR-422a were significantly decreased, whereas miR-135b was increased in CRC tumour tissues. Levels of miR-215 and miR-422a correlated with clinical stage. MiR-135b was associated with higher pre-operative serum levels of CEA and CA19-9. In vitro analyses showed that ectopic expression of miR-215 decreases viability and migration, increases apoptosis and promotes cell cycle arrest in DLD-1 and HCT-116 colon cancer cell lines. Similarly, overexpression of miR-375 and inhibition of miR-135b led to decreased viability. Finally, restoration of miR-378, miR422a and miR-375 inhibited G1/S transition. These findings indicate that miR-378, miR-375, miR-422a and miR-215 play an important role in CRC as tumour suppressors, whereas miR-135b functions as an oncogene; both groups of miRNA contribute to CRC pathogenesis.
Introduction
Colorectal cancer (CRC) is the third most common cancer in western countries and the third leading cause of cancer-related death worldwide [1] . CRC carcinogenesis is associated with multiple alterations of tumour suppressor genes and oncogenes. However, clinical utility of these genes as markers for early diagnosis and determination of prognosis and prediction is limited. Therefore, several efforts have been made to find new biomarkers for early detection of asymptomatic disease, accurate differentiation between particular clinical stages of CRC and better individualization of therapy.
MicroRNAs (miRNAs) are small, non-coding, single-stranded RNAs, 18-25 nucleotides in length. They are endogenously expressed and post-transcriptionally regulate gene expression by binding to 3′ untranslated region (3′ UTR) of target mRNAs [2] . There is increasing evidence that miRNAs can function as tumour suppressors as well as oncogenes [3] and therefore are important in regulation of many biological processes, such as cell cycle, proliferation, differentiation, apoptosis or invasiveness [4] .
A growing number of studies have addressed miRNA expression in CRC [5] [6] [7] [8] [9] . Nevertheless, different profiling platforms, methodology and lacking clinicopathological data resulted in discrepancies across miRNAs identified in these studies. Therefore, only a small fraction of miRNAs identified this way may be further used as diagnostic and prognostic markers or therapeutics targets. miR-143, miR-145, miR-21, miR-31, miR-183 and miR-17-92 cluster are among miRNAs most consistently reported to have deregulated expression in CRC [5, [9] [10] [11] . While miR-143 and miR-145 function as tumour suppressors, miR-21, miR-31, miR-183 and miR-17-92 are reported to be oncogenes. Moreover, association between miRNA expression, prognosis and therapy response prediction in CRC patients was repeatedly described [5, 8, 12] . Recently, several studies have indicated that circulating miRNAs could be used as new noninvasive biomarkers for CRC [13] [14] [15] . Although miRNA profiling significantly contributes to a better understanding of CRC pathogenesis, only little is known about miRNAs target molecules and signalling pathways in which they are involved.
The aim of our study was to identify and validate new miRNAs that are deregulated in CRC using highly standardized qRT-PCR-based TaqMan Low Density miRNA arrays (TLDAs). Furthermore, we screened effects of selected miRNAs on cell viability, migration, cell cycle and apoptosis of DLD-1 and HCT-116 colon cancer cell lines.
Materials and methods

Patients and tissue samples
Eight tumour tissues from patients diagnosed with colorectal carcinoma at Masaryk Memorial Cancer Institute (MMCI, Brno, Czech Republic) between 2003 and 2008 (four men, four women; one stage II, four stage III, three stage IV) and eight paired adjacent non-tumoural tissues were used for profiling analyses. Patients' age ranged from 45 to 76 years with a median of 63.5 years. Validation was performed on a cohort of 125 patients (78 men, 47 women) with histologically confirmed colorectal adenocarcinoma undergoing surgery at MMCI between 2009 and 2011; their age ranged from 30 to 92 with median 68 years. Native tumour and paired non-tumoural colon tissues were obtained after surgical resection and immediately placed in liquid nitrogen. Informed consent was obtained from all patients, and the local Ethical Board approved the study protocol. Clinicopathological features of the validation cohort are summarized in Table 1 .
Tissue sample preparation and miRNA isolation All analysed tissues were homogenized and total RNA enriched for small RNAs was isolated using mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA). Concentration and purity of RNA were determined spectrophotometrically by measuring optical density (A260/280 >2.0; A260/230 >1.8) using Nanodrop ND-1000 (Thermo Scientific, Rockford, IL, USA).
Large-scale miRNA profiling 
Data normalization and statistical analysis
The C T values (C T ) were calculated by SDS 2.0.1 software (Applied Biosystems) using the manual threshold settings (threshold = 0.2). All real-time PCR reactions were run in triplicates, and average threshold cycles and S. D. values were calculated. The average expression levels of all analysed miRNAs were normalized using RNU48 (Assay No. 4427975; Applied Biosystems) as a reference gene and subsequently the 2 ÀDCT method was applied. Acquired ΔC T values were analysed in R using the Bioconductor package LIMMA concerning miRNA profiling [16] . RNU48 was selected as reference gene through combination of standard geneNorm and NormFinder algorithms from six reference genes on the TLDAs. In case of validation cohort, statistical differences between miRNAs levels in CRCs and non-tumoural tissues were evaluated by the two-tailed non-parametric Wilcoxon test for 125 paired samples. Furthermore, two-tailed MannWhitney U-test and Kruskal-Wallis test were used to analyse the correlation between the miRNA expression levels and clinical-pathological features of the patients. All calculations were performed using MedCalc 
Cell lines and growth conditions
Two human colon carcinoma cell lines were used in this study: HCT-116 (Dukes' type D colon cancer, CCL-247 TM ) and DLD-1 (Dukes' type C colon cancer, CCL-221 TM ). Both cell lines were obtained from the American Type Culture Collection (ATCC). Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS, 100 lg/ ml of penicillin, 100 lg/ml of streptomycin, 0.1 mM non-essential amino acids, 2 mM L-glutamin, 1 mM sodium pyruvate (all purchased from Invitrogen, Carlsbad, CA, USA, Gibco) in 10% CO 2 at 37°C.
Cell transfection
Both cell lines were transfected with 10 nM of pre-miR-215, pre-miR-375, pre-miR-378, pre-miR-422a or pre-miRNA negative control precursors, resp. or with 30 nM of anti-miR-135b and anti-miRNA negative control inhibitors, resp. (Ambion) using Lipofectamine RNAiMAX transfection reagent (Invitrogen) according to the manufacturer's protocol. Transfection efficiency was evaluated by qRT-PCR as described above.
Detection of apoptosis
Cells were seeded in 60 mm plates at a density of 1 9 10 6 cells per plate, incubated for 24 hrs and transfected with 10 nM precursors or 30 nM inhibitors of analysed miRNAs. Forty-eight hours after transfection, the cells were trypsinized and apoptosis was measured using Annexin V-FITC kit (Miltenyi Biotec Inc., Cambridge, MA, USA) according to the manufacturer's protocol. All measurements were repeated three times.
Cell cycle analysis
Cells were seeded in 60 mm plates at a density of 1 9 10 6 cells per plate, incubated for 24 hrs and transfected with 10 nM precursors or 30 nM inhibitors of analysed miRNAs, resp. After 48 hrs, the cells were trypsinized and fixed in 70% ethanol. Subsequently, cells were washed in PBS and treated with 0.1 mg/ml of RNase for 30 min. at 37°C. Finally, 1 mg/ml of propidium iodide was added and another 10 min. incubation at room temperature was performed. Cell cycle analysis was measured using BD Facs Canto II (BD, San Jose, CA, USA). The data were analysed by FlowJo v 7.6.5. All measurements were repeated three times.
MTT assay
Cell viability was measured using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay (MTT; Sigma Aldrich, St. Louis, MO, USA). Cells were seeded in 96-well plate at a density of 7.5 9 10 3 cells per well, 24 hrs before transfection. Subsequently, the cells were transfected with 10 nM precursors or 30 nM inhibitors of analysed miRNAs. To each well, 20 ll of 5 mg/ml MTT solution in PBS was added 24 and 48 hrs after transfection. The plates were incubated for 3 hrs at 37°C. The precipitate was solubilized in 100% DMSO (200 ll per well), and absorbance was measured on Elisa reader Multi-Detection Microplate Reader (BIO-TEK, USA) at wave 
Scratch wound migration assay
Cells were seeded in 6-well plates at a density of 4 9 10 5 cells per well 24 hrs before they were transfected with 10 nM precursors or 30 nM inhibitors of analysed miRNAs. The cell monolayer was wounded with a sterile pipette tip 24 hrs after transfection and then rinsed twice with PBS to remove cellular debris. Subsequently, warm fresh medium was added. Migration was measured at time 0 and 24 hrs after wounding using microscope Nikon Diaphod 300 INV (109) and camera Canon Power shot A95. Images were analysed by the Tscratch software (CSE, Switzerland). All measurements were repeated three times.
Results
MiRNAs differentially expressed in CRC tissue
To identify miRNAs that are differentially expressed between CRC tissues and normal adjacent tissues, we analysed expression profiles of 667 miRNAs in 8 tissues of patients with CRC and 8 paired non-tumoural tissues. Unsupervised hierarchical clustering was carried out, and only miRNAs with P < 0.0005 were considered significant. Using this criterion, we gained a set of 42 miRNAs that were differentially expressed between tumoural and non-tumoural colon tissue by LIMMA method ( Table 2 ). All these miRNAs showed decreased expression in CRC tissues except for miR-135b, miR-766, miR-183* and miR-135b* that were significantly overexpressed in tumour tissues. 
Validation of selected miRNAs by qRT-PCR
Based on the significance of the difference (fold change, P-value), previous observations and biological plausibility (according to putative miRNA targets and/or Pubmed hits when particular miR-NA is combined with keyword 'cancer'), and favourable expression levels (Ct < 30), we chose five miRNAs for further validation. MiR-215, miR-375, miR-378 and miR-422a were down-regulated, whereas miR-135b was up-regulated. For validation, we used independent collection of 125 paired samples of tumoural tissue and adjacent non-tumoural mucosa. To determine the differences between these two groups, we used two-tailed non-parametric Wilcoxon test. Furthermore, two-tailed Mann-Whitney U-test and Kruskal-Wallis test were used to analyse the correlation between the miRNA expression levels and clinical-pathological features of the patients. We confirmed significantly decreased expression of miR-215, miR-375, miR-378 and miR-422a and increased expression of miR135b in colon cancer tissues ( Fig. 1 , P < 0.0001 for all evaluated miRNAs). Furthermore, levels of miR-215 and miR-422a correlated with CRC clinical stages, except stage IV ( Fig. 2A and B) . Interestingly, miR-135b showed similar trend, with the highest expression in stage I, which is in accordance with the previous studies that described the role of this miRNA in early stages of CRC (Fig. 2C) . MiR-375 and miR-378 indicated no correlation with CRC clinical stage. Additionally, tumours with higher grade were characterized by lower expression of miR-215. Moreover, we observed the relationship between lymph node positivity and expression of miR-215, miR-378, miR-422a and miR-135b (Fig. 3A-D) . Finally, we detected an increased expression of miR-135b in samples of patients with higher pre-operative serum levels of CEA and CA19-9 ( Fig. 3E and F) . The complete results of the validation phase of study are summarized in Table 1 .
Determination of transfection efficiency
To analyse the effects of validated miRNA on cell viability, migration, cell cycle and apoptosis, we first optimized the transfection process of corresponding miRNA precursors or inhibitors. HCT-116 and DLD-1 cells were transfected using Lipofectamine RNAiMAX, and efficiency was subsequently determined by qRT-PCR 24 and 48 hrs after transfection. We significantly increased levels of tumour suppressive miRNAs, miR-215, miR-375, miR-378 and miR-422a (for all miRNAs, more than 10 000-fold increase was achieved, P < 0.0001, n = 3) and also inhibited the expression of oncogenic miR-135b by 70.5 ± 16.1% (P = 0.01, n = 3) in HCT-116 cells and by 60.0 ± 17.3% (P = 0.01, n = 3) in DLD-1 cells (Fig. 4A ) using 10 nM precursors and 30 nM inhibitors, respectively. The effect of transfection was observed 24 hrs after transfection.
MiR-215 affects apoptosis of HCT-116 cells
To evaluate the effect of particular miRNA on the rate of apoptosis, we used the Annexin V assay. We ascertained that higher levels of miR-215 resulted in an increase in the number of apoptotic cells from 14.6 ± 2.1% to 36.2 ± 5.1% (P = 0.005, n = 3) (Fig. 4B) . Nevertheless, this effect was observed only in the case of HCT-116 cells. The rest of analysed miRNAs do not induce apoptosis, at least in the tested cell lines. All results are summarized in Table 3 .
MiR-215, miR-375, miR-378 and miR-422a affect G1/S transition of HCT-116 cells
To investigate the role of selected miRNAs on cell cycle regulation, we used propidium iodide staining, and cells were subsequently analysed by flow cytometry. Our results show that miR-215, miR-375, miR-378 and miR-422a significantly increased the number of cells in G 0 -G1 phase and reduced S-phase cells (P = 0.01) in HCT-116 (wtp53) cell line (Fig. 4C) . However, in the DLD-1 (mut-p53) cell line, we did not observe any significant change in distribution of cell cycle phases. All results are summarized in Table 3 .
MiR-135b, miR-215, miR-375 and miR-378 affect viability of HCT-116 and DLD-1 cells
To determine whether any of analysed miRNAs affect cell viability, the HCT-116 and DLD-1 cells were transfected with particular miR-NA precursor or inhibitor, respectively, and subsequently MTT assay was used and absorbance was measured 48 hrs after transfection. We observed that up-regulated expression of miR-215 decreased viability of HCT-116 cells by 21.7 ± 0.3% (P = 0.05, n = 3) and DLD-1 cells by 19.7 ± 7.1% (P = 0.05, n = 3). Similarly, miR-375 decreased viability of HCT-116 cells by 32.9 ± 6.9% (P = 0.005, n = 3). In case of miR-135b, viability of DLD-1 cells was reduced by 27.4 ± 19.2% (P = 0.005, n = 3) and viability of HCT-116 by 16.0 ± 11.7 % (P = 0.05, n = 3) 48 hrs after transfection when corresponding inhibitor of this miRNA was used (Fig. 5A  -C) . These results are in accordance with our previous assumption that miR-215 and miR-375 function as tumour suppressors, while Table 3 .
MiR-215 significantly suppresses migration of DLD-1 and HCT-116 cells
As our previous results showed that miR-215, miR-378, miR-422a and miR-135b are differentially expressed depending on lymph node involvement, we wanted to find out whether they play any role in cell migration. Therefore, DLD-1 and HCT-116 cells were transfected with particular miRNA precursors or inhibitors; subsequently, in vitro scratch wound migration assay was performed. We observed that migration of DLD-1 cells was reduced by 46.1 ± 20.5% (P = 0.05, n = 3, see Fig. 6A-B) and migration of HCT-116 cells decreased by 26.6 ± 35.2% (P > 0.05, n = 3) when 10 nM pre-miR-215 was used. Similar trend was also detected using 10 nM pre-miR-422a; however, in this case, the decrease was not statistically significant.
Concerning miR-135b and miR-378, there was no difference in cell migration. All results are summarized in Table 3 .
Discussion
It is becoming clear that deregulated expression of miRNAs is connected to pathogenesis of many cancer types. In this study, we analysed expression profile of 667 miRNAs in 8 tissues of patients with CRC and paired non-tumoural tissues. Using unsupervised hierarchical clustering, we gained a set of 42 miRNAs that showed significantly different expression between tumoural tissue and adjacent normal mucosa. Four of them (miR-135b, miR-766, miR-183* and miR135b*) were significantly overexpressed in tumour tissues, and they are supposed to function as oncogenes, although their specific role in pathogenesis of CRC is not known. Nevertheless, miR-183 is one in a cluster of three related miRNAs; this cluster also includes miR-182 and miR-96. It is situated on chromosome 7q32.2 [9] and was 
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Higher levels of miR-135b are associated with elevated pre-operative serum levels of CEA (cut-off 4.6 lg/l); P = 0.0338) and CA19-9 (cutoff 40 kU/l; P = 0.0360).
described to be overexpressed in many other types of cancer, including lung cancer [17] , breast cancer [18] , colon cancer [9] and prostate cancer [19] . These miRNAs were also up-regulated in our study, but they did not meet the criterion P < 0.0005. Furthermore, Nagel et al. [20] proved that miR-135b binds 3′ UTR of the APC gene, which leads to accumulation of free b-catenin in cells. The other identified miRNAs were down-regulated in CRC tissues, which is in accordance with previous observations that miRNA levels are globally decreased in human cancers [4] . Several of them were already described in connection with CRC in previous studies (miR-192, miR-215, miR-26b, miR-143, miR-145, miR-16 [10] , miR-139-5p [21] , miR-138 [22] , miR-451 [23] , miR-378, miR-378* [24] , miR-133b [9] , miR-144* [25] , miR-195 [26] , miR-194 [27] , miR-30c, miR-26a [28] , miR-342-3p [24] and miR-101 [29] ), whereas remaining were identified in this study for the first time (miR-190, miR-422a, miR-375, miR-376, miR-486-5p, miR-598, miR-99a, miR-636, miR-100, miR-411, miR-30b, miR-30e, miR-30e*, miR-30a*, miR-192a*, miR-127-3p, miR-200b, miR-140-5p and miR-186). It seems that miR-30 family is important in CRC, because most of its members were down-regulated in tumour tissue. Xi et al. [28] described decreased expression of these miRNAs in CRC cell lines with TP53 gene deletion. MiR-143 and miR-145 are tumour suppressive miRNAs that are very repeatedly described as associated with CRC. Among their target molecules, there are oncogenes APC [9] , ERK, RAF [30] , EGFR [31] , MYC [32] , MAPK, CCND2 and transcription factors FOS, YES and FLI [5] . Boominathan [33] showed that expression of miR-145 depends on correct function of p53. This important molecule is also connected with other miRNAs -miR-192, miR-194 and miR-215-that belong to the same family and affect cell cycle arrest through p21 accumulation [34] . Lower expression of miR-195 is associated with lymph node positivity and shorter survival of patients with CRC. It is supposed that this miRNA can bind anti-apoptotic protein BLC-2 and thus promote apoptosis [26] . Similarly, miR133b is able to regulate some proteins from the BCL-2 family [35] . Moreover, among important targets of this miRNA, there are oncogenes KRAS and MAP3K1 [9] supporting miR-133b function as an important tumour suppressor. Decreased levels of miR-101 are connected with enhanced function of COX-2 (cyclooxygenase 2), oversized oxidation of arachidonic acid and subsequently deregulated activation of prostaglandins, which leads to increased proliferation of cancer cells [29] . Although the number of research groups interested in miRNAs functioning in cancer in last years dramatically increased, new pathogenic miRNAs are still being discovered and further studies are necessary to understand the modus operandi of this complex regulatory network in CRC pathogenesis.
Therefore, we chose five miRNAs (miR-215, miR-375, miR-378, miR-422a and miR-135b) for further validation and in vitro analyses to find out what is their role in CRC. We used new collection of 125 paired-samples of tumour tissue and adjacent non-tumoural mucosa to confirm our results from miRNA profiling. We proved that miR-215, miR-375, miR-378 and miR-422a are significantly down-regulated, whereas miR-135b is up-regulated in tumour tissue (P < 0.0001). Furthermore, we analysed the correlation between the miRNA expression levels and clinical-pathological features of the CRC patients (see Table 1 ). It was found that lower expression of miR-215 and miR-422a is associated with advanced stages of the disease. Interestingly, expression of miR-135b was the highest in stage I, which is in accordance with previous studies describing the role of this miRNA in early stages of CRC by targeting APC and activating Wnt signalling [36] . Importantly, we also observed the relationship between lymph node positivity and the expression of miR-215, miR-378, miR-422a and significantly increased the number of apoptotic cells from 14.6 ± 2.1% to 36.2 ± 5.1%. C. Staining with propidium iodide for cell cycle analysis. miR-215, miR-375, miR-378 and miR-422a significantly increased the number of cells in G0-G1 phase and reduced S-phase cells in HCT-116 (wt-p53) cell line. Results from three independent experiments (*ttest significant at P < 0.05, **P < 0.01).
ª 2012 The AuthorsmiR-135b. This fact indicates a possible role of these miRNAs in migration of colon cancer cells, which was also analysed in this study. Moreover, expression of these miRNAs could contribute to better differentiation between clinical stages II and III, which is currently based on examination of lymph node positivity. Unfortunately, this approach is not precise enough, because about 25% of patients with lymph node involvement are not detected due to insufficient number of examined lymph nodes. Subsequently, these patients do not receive adjuvant systemic therapy increasing probability of relapse. Finally, we detected increased expression of miR-135b in samples of patients with higher pre-operative serum levels of CAE and CA19-9. This is in agreement with previous observations describing higher levels of miR-135b also in plasma of CRC patients, indicating its potential usage as circulating biomarker in CRC [13] .
To explore the function of validated miRNAs in pathogenesis of CRC, DLD-1 and HCT-116 colon cancer cells were transfected with particular miRNA precursors or inhibitors. The functional analyses of miR-215 showed that overexpression of this miRNA leads to cell cycle arrest and enhanced apoptosis of HCT-116 cells carrying wtp53, but no effect was observed in the case of DLD-1 cells containing mut-p53. These results are in accordance with previous studies that describe direct connection between miR-215 function and p53 status. Braun et al. [34] found out not only p53-responsive induction of miR-215 but also direct feedback of this miRNA on the activity of p53, which results in activation of apoptosis and cell cycle arrest in cells with wild-type p53, but not in cells with mutated p53. Moreover, we detected significantly decreased migration of cells transfected with pre-miR-215, supporting our observation that expression of this miRNA is lower in primary tumours with lymph node positivity. Karaayvaz et al. (2011) observed prognostic potential of miR-215 in the small cohort of 34 CRC patients of II and III clinical stages. Expression levels of miR-215 were decreased in tumours, but, interestingly, higher levels of miR-215 were associated with worse survival (P = 0.025). Differences in miR-215 levels between tumour of clinical stages II and III were not evaluated [35] . These results together indicate that miR-215 is important in pathogenesis of CRC and could be used not only as a new biomarker of the disease but also as a potential therapeutic target for prevention of metastases.
The analyses of other miRNAs revealed that higher expression of miR-378, miR-375 and miR-422a is associated with accumulation of cells in G1 phase in HCT-116 cells. Concerning DLD-1 cells, we did not observe any significant effect on cell cycle and apoptosis. Therefore, we suppose that these miRNAs function in a similar way as miR-215, although the precise mechanism is not known and further identification of target molecules will be necessary. Using MTT assay, we observed a decreased viability of both DLD-1 and HCT-116 cells 48 hrs after transfection with pre-miR-375 or anti-miR-135b. Tsukamoto et al. [37] described that miR-375 inhibits expression of PDK1 (phosphoinositide-dependent kinase-1) and anti-apoptotic protein 14-3-3zeta by binding to its 3′ UTR, and its ectopic expression markedly reduced viability of gastric cancer cells.
In conclusion, we proved that miR-215, miR-375, miR-378 and miR-422a evince significant tumour suppressive properties, whereas miR-135b functions as an oncogene. Our observations from analysis of clinical CRC samples indicate potential usage of validated miRNAs as biomarkers, and our functional screening suggests that some of them, mainly miR-215, represent potentially important targets for novel therapeutic strategies in CRC. However, exact molecular mechanisms of these miRNAs functioning could not be fully understood as their target molecules have not been experimentally validated. 
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